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Abstract

Experiments have been conducted on the acceleration of partiaslly

ionized argon in a channel of constant cross-sectional area having a
uniform applied transverse magnetic field ond subject to a current
noermal to both magnetic fleld and channel sxis, The channel wes
operated in the manner of a shock tunnel with sufficient test time to
achieve steady flow witi:in the accelerator section, Visuel observa-
tion of the flow within the channel and measurement of the electrical
characteristics of the driving circuits established that substantial
acceleration occurred in the channel. DlMeasurements were made of the
electrode potential and current and applied magnetic field. ‘The
maximum steady flow velocity within the mapnetic field region, as
measured from the stresk photographs, was found to be avproximately
equal to the E/B veloecity. Flow velocities up to 12 km/sec were thus
measured. The increase in momentum of the pas within the accelerator
was found to correlate with the theoretical impulse over the entire
ranpe tested. At the highest mapnetic field strengths, a considerable

decrease in velocity occurred as the pas left the magnetic field region

&t the downstream end of the accelerator, An estimate was made of the
current flowing through a laminar Hartmann boundary layer on the tube

wall normal to the mapnetic field, and this calculated short circuit

current was sufficient to account for the failure to achieve the theoretical

momentum increase in the accelerator.

ix




I. Tntroduction

The magnetic acceleration of a plasma in a steady, quasi-one-
dimensional channel flow, accomplished by mutually perpendicular
current, magnetic field, and flow velocity, has been the subject of

\ . 1= . . 91l R
many theoretical and some exprerimental studies « In particular,
the theoretical studies have concentrated on the guasi-one-
dimensional flov problem in which variation of magnetic induction
(B , channel area (A) and electric field (E) or current density (3)
were considered as variable functions of axial distance, In addi=-
tion, theoreticul studies of the effects of wall boundary layers and

10«19 .

eddy current losses have also been undertaken + On the experi-
mental side, steady ftlow devices consisting of accelerators supplied
vy plasma arcs have shown that an increase in velocity can be achieved
. . 10=-12 . .
vy this means . I comparison of the results of these experimentis
with the previosus theoretical studies is difficult to make, since
there are cc....aeravle differences between the actual experimental
confipuration and the ideelized models assumed in the theories, ‘he

' . . 29 .
shock tube experiments of Hopan ~, on the other hand, correspond rore
closely Lo the quasi-one-~dimensional model of the theories, althourh
they failed to provide a steady flow., In the experiments to be re=-

norted below, 2 stecady flow of short duration has been achieved by

snock tunnel techniques in a channel of uniform mapnetic field, cross-

sectional arcae, and electrode rotentinl difference, thus extending the
» 1]
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experimental confipuration of lHopnn into the steadv flovw rerime, For
reasons to be explained below, it is believed that these cxperiments
come reasonablyv close to duplicating the rodel assuwed in the simnle
theories, and the results of the ¢xperiments have therefore been com-
pared with such theorics,

As explained in more detail below in section IT, the accelerator
channcl of circular cross-section is supnrlied with vpartially ionized
argon 2t about lQ,OOOOK formed behind a shock wave reflected from the
nearly-closed end of a larger diasmeter shocx tube., Thce steadiness of
the flow is assured by the critical flow into the accelerater channel
of a volume of gas sufficient to fill the accelerator channel twice
during the experiment, The constancy ot electrode notential and
magnetic field with axial distance along the accelerator is determined
by the field winding and electrode construction., The effecls of cir-
cular, as opposed to rectangular, crosse-sectional shape are believed
to be unimportant, On the other hand, ilell effects or relatively strong
induced marnetic fields can cause appreciable departures from auesi-one-

dimensionality. “The possible importance of these «=ffects have been
investigated by estimating the value of ,1 for tuhe electrons and the
magnetic Leynolds number based on tube radius for averape pas conditions

in the accelerator section. The estimates of these two dimensionless

parameters are shown in Fir, 1 for the renre of applied mapnetic field

strength and total current of the experiments, and it can be seen that




neither of them is large, which is sufficient remson to neglect Hall
effects and induced fields in analyzing the results of the experiments,

The axial distance over which most of the acceleration takes place
is the interaction length, * = pu/aB2 (see section IV below), The
quasi-one-dimensional model assumes that this is greater than the tube
radius, r. The ratio, £¥/r, is also plotted in Fig. 1, from which it
can be seen that two-dimensional effects may become important only at
the highest magnetic field strengths,

The viscous Reynolds number of the flow, based upon tube diameter,
is approximately th. ‘The boundary layers on the channel wall, either
on the electrode or on the wall normal to the magnetic field (see
section IV below), would be quite thin compared to the tube radius if
the flow were laminar. (From the snalysis given in section IV, it is
concluded that the flow is laminar rather than turbulent.) As a cone
seaquence, the wall effects do not destroy the quasi-one-dimensionsal
nature of the flow, and may be tsken into account in the usual manner
through boundary layer theory.

llaving considered the principal aspects of the flow which determine
how well it conform: to the simplified theories with which the measure=-
ments will be comprred, we will proceed to discuss in pgreater detail the
experimental apparatus and methnds of measurement in section IT, the

results of the measurements in section III, and the interpretation of

these measurements and comparison with the theories in section IV,




I1I. Experimental Apparatus and Methods of lleasurement

These experiments were performed in a combustionedriven shock tule
p D

filled with argon at 1/2 or 1 mm lg initial pressure. ‘“Yhe ¢ inch

diameter, 20 foot long low=pressure section was Jeined to a l.) inch
L dinmeter extension by an end plate with rounded entrance but having no
ZI intervening diaphragm. Upon reflection of the lMach 11 incident shock

A wvave from the end plate of the larpge dismeter tube, o reservoir of

.- stagnant argon at about lQ,OOOOK and 1 or 2 atmosphercs vnressure is
E; created, which thereupon flows into the smaller diameter tube., In-

itinlly a shock wave is nropagated into the smnller tube (see wave

diagram of Fig, 2), followed by a small exransion wave which brings the

flow at the entrance to a steady state, “There sre thus two contact in-

E‘ terfaces in the small tube. The first is caused by & temperature dif-
.- ference between the pas initielly in the small tube and its driver pas
{oripinally the test pas in the 6" tube), The second interface is be-
;5: tween the argon and the combustion nroducts of the originsl driver ros,
e The temperature difference across the first contact interface was cal=~
culated to be quite small, thus giving s ressonably homogenecus flow
of test pas nt a velocity of 3000 m/sec,

The accelerator section of the smaller tube (Fie, 3), made from
Grade #950 Panalyte tubing of 1,5 ineh I.D, with a 1/2 inch wall thick=-

ness, was located 3 feet from the end nlate. The electrodes were mnde

from ,065 inch thick copper strinp, 2l inches lonp and subtending an anple




of 0% in the cireoumferenvial direction. A lonpitudinai slit was cut
in the nccelerntor wall half way bLetween the two electrodes and closed
with » vplexiglass window, fThis window permitted observation of the
flow using a rotating mirror camera.

Current was supnlied to the electrodes by a lumped varameter transe

mission line ea, scitor bank with six sections, each of which had a 40C
u® capncitor and a 1 ph inductor., fhe impedance of the leads used was
larye compnred to thet of the electrode gav, and hence s nearly constant
current vas obtained. Current variations with time were due to im-
perfect components in the transmission line rather than variations in
tne pas impedance. A tynicol current discharpe is shown in Fig. b,
The cvrrent was initisted when the shock was 3" inside the electrodes
and returned Lo zero ot aprroximately the same {ime Lhe second conteact
interfnce left the eleetrodes,  The maximum current obteined from this
source was 16,000 arps.

A 14 turn nir-core coil wns uscd to fenerate an apnlicd transverse
marnetic ficld, She eoll wrs gsaddle-shnned around the sccelerator section
ru shown in Fip. 3, thus minimizing the volume in which mapnetic enerpy
wags stored, Ghe coil was made from /) insulatcd coppey wire and was
connected in series with s WG0U f eanacitor Lenk, ‘The circuit wns closed
with on ipnitron when tie snock wnve was far unstresm so as to nermit

the field Lo reacn s peak value when the drive current wns apnlied, 'The

circuit ronp with o halt cyele tire of 2,05 milliseconds pernittine




nepgligible variations in fiscld strength over the 250 ps time of the
experiment, The maximum field strength obtained was 9000 gauss,

The orientation and polarity of the leads supnlying the electrodes
were such that the magnetic induction caused by this current added to
the applied magnetic field, This was accomplished by supplying the
current at the upstream end of the electrodes,

,,qu each run, the following quantities were measured:

(1) Shock and flow velocities., The shock front velocity
was measured in the 6" section and in the 1 1/2" section upstream of
the accelerator using ionization probes. A rotating mirror camera
streak photograph was taken of the slit in the side of the accelerator
channel (Fig, 5), from which it was possible to determine the front
velocity from the slope of the front on the photograph. Similarly,
luminosity streaks seen in the flow behind the shock front were assumed
to move with the gas bulk velecity, and their speed was determined in
the same manner as that of the shock front, thus giving a flow velocity
for the gas, The camera could be directed at any part of the flow
channel, and photographs were taken both of the flow in the accelerator
and downstream of the accelerator,

(2) FElectrical conductivity. The electrical conductivity
(o) of the test gas was measured upstream of the accelerator by the
method described by Lin, kesler and Kantrowitzgg. The upstream cone
ductivity decressed gradually durinf the test time, and had an averape

value of 15 mho/cm,
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(3) Applied current through the electrodes, The total
current. flowing between the electrodes was measured using o current
transformer, The outnut of this transformer was intesrated and dis-
nlayed on an oscilloscove (Fig. 4), During operation of the Ac-

celerator, no variation in current with either magnetic field strength

or pes density wes observed,

(L) tHaepnetic field strenpth. The strength of the magnetic
field for each run was determined by measuring the current flowing in
the L-C circuit comvwosed of the field coil and the capncitor bank,
This current was then related to the mapgnetic field strength using =
search coil calibration. The results of the search coil calibration
were cnecked with n theoretical calculation of the field exmected for
a riven current,

{5) Flectrode notential. 7The notential difference between
the electrodes in the nccelerator wasg measured at the downstream end
of the electrndes (see Fir, 6)., "o determine whether the electrodes
were equinotential surfaces, a measurement of potentierl was also made
at the uvstream end of the clectrodes which arreed with downstream
measurements to within the experimental error.

17T, kxnerimental Fesults

Before the acceleration experiment wns started Ly initiatine the
electrode current pulse, there wns a short time {on the order of 25 us)
when the shock wave nartinlly covered the electrodes ~and hence o
voltage (V) was induccd across the clectrodes br the ras “low mernen-

dicular to the magnetic field., Mensurements of thie induced voltagz

ey Iy R T S el et T S ST
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vere made for every run snd are shown in Fig, 7 >lotied as a function
of the oproduct of flow velocity, mapnetic field strenpgth and tube

diameter, The velocity used was the enuilibrium flov velocity be-

"hind a shock of strenpth measured just upstream of the accelerator,

The magnetic field strength used was the value taken just before the

drive current was apnlied. The line drawn which fitted the data best

can be tsken as a calibration curve for the accelerator onerating as

g flowmeter,
. 23 . . .

Fishman = made an analyticel study of the linear MID acrnelerator
of circular cross-section in which he assumed the marnetic Reynolds
number and interaction paremeter based on the channel diameter (d)
were both small compared with unity and that the conductivity was s
scalar, He found that for the electrode confipuration of this experi.

ment the calibration conctant, defined by
K = V/dug, (1)

was 0,91, This compares quite favorably with Fip, 7 for which ¥ = 5/0,
Measurements of the maximum shock front velocity and maximum pas
flow velocity in the accelerator were mude from streak photograpns like
that shown in Fipg, 6, For all the test runs, a messurement of shock
front velocity was made; and for more than half the runs it was noseiile
to distinpuish strcaks from which a flow velocity could be obtained, Tn

order to intervolate for values of flow velocity for those runs wherec no
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streak measurement could be made, Fip, § was prenared from the remnine
ing runs (for which both front and flow velocities could be measured),
and an averapre line wns drawn, This line was taken as the correlation
between flow and front velocities when only the latter was reasured,
and results based on this method of intervolation were used in sub=-
sequent analysis of the data,

In Fip. O, the line labeled "real gas flow velocity" is the cal-
culated value for the narticle behind a shock wave cof strenpth in=-
dicated on the abscissa., Tt was expected that far behind the incident
shock, in tne steady flow repion, the flow velocity need not corresmnond
vo the cquilibrium velocity behind the initisl shock wave, and this
seens clenrly to ve Lhe case,

1f the interaction lenpth, 2%, is smnll compared to the eclectrode
lenpth, the ras <hould attsin the E/BO velocity close Lo the upstream
end of the electrodes, and nence no current will flow nenv the downe-
strear end, TIf the mensured clectrode notentinl is enual to Kduﬁo,
where u in the mrximum flow velocity in the naccelerator, then the E/BC
velocity must have Leeon attnined, Tn Fip, 9 is nletted the electrode
notentinsl as n function of dull, using as dnte the averare mrensured
nleactrode notertial over the durntion of current flow, the sverare irm=
rosed mrrnetic field durinpg that time, and the maximum observed (nr
{nternnlated) flow velocity for the pan, Tt crn e seen thnat a line of

slope ¥ = 5/C correloates the datn fnirly well,
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Vhen &% is comparable with, or greater than the electrode length,
the electrode potencial will be greater then KduBO. This can be seen
to be the case in Fig, 9, for the electrodevpotential exceeds this
value when uB is small, and hence 2¥* is large.

IV. Comparison with Theory

For a steady quasi-one~dimensional flow in a rectanguler channel
of constant area A, constant applied magnetic induction BO’ end cone

stant electric field E, the equations of momentum and mapnetic induc-

tion, and scalar Ohm's law, are:

ou %—‘% = - %;3{- + ,1(30 + Bl) (2)
a8,

Mod = -1 (3)

J =olE - u(Bo + Bl)] (h)

in which the current density J is assumed uniform over the cross section,
the magnetic induction Bl due to J is assumed to add to BO’ o is the
scalar electrical conductivity and pu is the constant mass flow per unit
area, For a channel of rectangular cross section of area A snd width d
in the direction of J, Eqs. (2) and (3) may be integrated over the volume

of the accelerator, resulting in:

1 0 ,1a,2 . 20
Au = = {Ap + = (7—) + = } (5)
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in which Au is the increase in velocity of the fluid, Ap is the decrease
in static pressure in the direction of flow and i, I2d2/2A2 is the "back-
strap" effect of the total applied current I which adds to the total
mapgnetic induction,

For a channel of circular cross section of diameter d, we use
A= nd2/h in Eq. (5), which gives the correct volume integral of I8,
and a reasonable estimate for that of jBl.

The values of Au measured from the streak phiotographs or interpolated
from the front velocity measurements as shown in Iig, 8, are plotted in
Fips, 10 and 11 as a function of the theoretical velocity increase cal-
culated from the right hand side of Ea. (5). In calculating the theoretical
Au, the mass flux pu was calculated for the critical flow from the stapna-
tion conditions behind the reflected shock wave and Ap was assurmed to
equal the static pressure for this critical flow, i.e., the downstream
pressure was assumed negligible. T and BO vere measured for each experi-
ment,

From Figs, 10 and 11 it can be seen that the measured velocity in-
crease lies between 50% and 1007 of the theoretical value, the former
ratio applying at the higher accelerations. If we denote the rotio of
actual to theoretical velocity increase by the term momentum efficiency
(n), then the momentum efficiency depends mostly upon the theoretical
velocity increase and not upon the gas density, as can be seen from lip,

12 which summarizes the results of our experiments and those of Hopanao,
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all of which cover a fourfold variation of gas density, Furthermore, a
careful examination of Fips, 10 and 1l shows that there is no distinction

in performance between equal accelerations produced by larpe T and small

Bo or vice versa,

For the larger values of Au, the dominant term on the right hand
side of Eq. (5) is the last. The first term varied from 907 to 25% of
the whole, while the second term varied between 15% and 7%, over the
range of low to high accelerations, '‘The larger percent scatter of the
points at low Au are probably due to the uncertainty in the first two
terms as well as to the inaccuracy in the measurement of Au., The over-
all accuracy of the experimental points is about + 20%.

The variation of velocity with distance along the channel may be
estimated from Eas. (2) = (4) under the assumptions that B1 << BO and
that p and o are constant, with the result that Eq. (2) interrotes to:

-x/9¥%

u=u, +Au {1l -e Al - e-L/Z*} (6)

i

wvhere

L =z pu/0302 (7)

and in which ug is the initial velocity and L is the nccelerator length.
The length % was not mencured from the streak ohotorranhs, but it could
be geen qualitatively thet the nccelerntion occurred in a shorter distance

nt the higher values of BO'
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As mentioned in section TTI, considerable decelerstion of the flow
occurred at the exit of the accelerator where B0 decreased to zero in
about one tube diameter. 'his deceleration was measured in only a Tew
instances under conditions of maximum BO. This decrease in velocity
Aue would not be expected to exceed that due to a sudden decrease in

magnetic pressure of amount B02/2u0:
ou Au_ € B.2/2u (8)
e~ 70 0

this latter being the limiting value of Aue at high magnetic Reynolds
number, The few measurements of Aue are plotted in Fig., 13 as a
function of 802/2110 pu, from which it can be seen that this inequality
is approximately satisfied. This deceleration could be considerably
reduced by gradually reducing B0 over many tube diameters, thereby de-
creasing the magnitude of the eddy currents which brake the flow.

The failure of the flow to asccelerate to the theoretical value is
most likely due to the leakage of current between the electrodes through
the boundary layer which forms on the sides of the tube normal to BO.
In this Hartmann boundary layer the viscous stress is balanced by the
Lorentz force, so that the boundary layer grows, in a distance 2¥* from

18

the beginning of the electrode, to a charescteristic thickness §:

2)1/2

§ = (u/oB, (9)




and thereafter remains constant in thickness. The total current J

flowing through this boundary layer per unit axial length is15

J = uB.$ (10)

provided ¢ and the viscosity M are constant, and the free stream

velocity u is equal to F/BO, whieh is achieved in the accelerator for

x > g%, Assuming that g¢* is much less than the length of the electrodes
L, the totsl leakage current Is through the two boundary layers on each
side of the tube is:

I, = 2(u, + fu) (uodl/2 1,

(11) 3
by virtue of Eqs. (9) and (10).

There is no way to measure this leakape current directly, However,
if this current is sufficient to account for the failure to achieve the
theoretical momentum increase, then Eq. (5) oupght to be satisfied if I
is replaced by the actual total current to flow through the inviscid core,
nemely 1 - IS, Inserting this latter value only in the last term on the
right hand side of Eq. (h)+, and making use of Eq. (11), the modified

momentum balance may be written as:

% IB.d
Ap +-9(-I—‘l)2 - —_ pu u 2’(110)1/2 L dB
2 A A i =1 + 0 (12)
pu(ui + Au) puA

Because the middle term is considerably smaller than the others, it was not

deemed necessary to correct it for the leskage current.
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In Fig. 14 the left hand side of Eq. (12), as computed for the
measured and estimated quantities contained therein, is plotted as a

function of Bo/puA. A straight line of slope 2(uo)l/2

ILd is also
drawn, using velues of ¢ = 3,000 mhos/m and ¢ = 3 x 10-h Kegm/m sec,
which are appropriate for argoneh at 10,000°K. Although the scatter
is large, the major effect of the current leakaege through the laminar
Ha:*'mann layer, as depicted in Eq. (12), is borne out by the experi=-
mental measurements, and the dependence upon the principal parameters
is generally as described therein,

The calculations outlined above assume thet the boundary layer is
laminar. Using the values of o and u quoted above, the viscous Reynolds
number based on the Hartmann layer thickness {or the ratio of Reynolds
to Hartmann number) is about 140 under test conditions giving maximum
du., For liquid metal flows, this is sufficlent to ensure laminar flow,

If the boundary layer were turbulent, then it is to be expected

that I would also depend upon B. and the right hand side of Eq. (12)

0
would not be linear in B, The data of Fig. 1U are not sufficiently
accurate to determine conclusively whether this dependence is not linear,

V. Conclusions

l. Operating under conditions for which a quasi-one-dimensional
flow analysis should be applicable, the velocity increment in the ac-
celerator was found to correlate with the theoretical value given by the
simple theory over a wide range of gas densities, magnetic field strengths,

end total current,
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2. A laminar Hartmann boundary layer analysis showed that the
expected leakage current could account quantitatively for the failure
to achieve the theoretical velocity increase as predicted by the
simple theory.

3. The considerable plasma deceleration at the exit of the ac=-
celerator could be quantitatively related to the sudden decrease in
the applied magnetic field,
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Fig. 1 Estimate of the value of wr for the electrons and magnetic Reynolds
number (Rar ) as a function of electrode current (I) and applied mag-
petic field {D) fov the accelerator at an initial pressurc of 1 mm lig.
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